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(57) ABSTRACT

The present invention provides structures and methods for a
transistor formed on a V-shaped groove. The V-shaped groove
contains two crystallographic facets joined by a ridge. The
facets have different crystallographic orientations than what a
semiconductor substrate normally provides such as the sub-
strate orientation or orientations orthogonal to the substrate
orientation. Unlike the prior art, the V-shaped groove is
formed self-aligned to the shallow trench 1solation, eliminat-
ing the need to precisely align the V-shaped grooves with
lithographic means. The electrical properties of the new fac-
ets, specifically, the enhanced carrier mobility, are utilized to
enhance the performance of transistors. In a transistor with a
channel on the facets that are joined to form a V-shaped
profile, the current flows 1n the direction of the ridge joiming

141

the facets avoiding any inflection 1n the direction of the cur-
rent.
11 Claims, 12 Drawing Sheets
- C

141 144 -




U.S.
S. Patent Jun. 1, 2010 Sheet 1 of 12 US 7.728.364 B2

]A
B34
83
82 \ g0
i
85
; N /

g7_ 98 97_ 98

84
v e s le
82
FIG.28 |

89




U.S. Patent Jun. 1, 2010 Sheet 2 of 12 US 7,728,364 B2

FIG. 3C

122

FIG. 3A
FIG. 3B



US 7,728,364 B2

Sheet 3 of 12

Jun. 1, 2010

U.S. Patent




U.S. Patent Jun. 1, 2010 Sheet 4 of 12 US 7,728,364 B2

122

FIG. 5A



US Patent Jun. 1, 2010 Sheet 5 0of 12




U.S. Patent Jun. 1, 2010 Sheet 6 of 12 US 7,728,364 B2

FIG. 7C

N
P
~—

111

— ¢

!

e
115 113

115
FIG 7BH

FIG. 7A



US 7,728,364 B2

Sheet 7 of 12

Jun. 1, 2010

U.S. Patent




U.S. Patent Jun. 1, 2010 Sheet 8 of 12 US 7,728,364 B2

130
130

122
FIG. 9C

—
I_
SN o
122

124

110

124
14' _

130

130

FIG. 9A
FIG. 9B



US Patent Jun. 1, 2010 Sheet 9 of 12




U.S. Patent Jun. 1, 2010 Sheet 10 of 12

%\
_

\ \\ <NF BIE
7

J—-—



U.S. Patent Jun. 1, 2010 Sheet 11 of 12 US 7,728,364 B2

FIG. 12C

—
g—

I

—-
_+C'
113

111

115
e %I

FIG. 12A



U.S. Patent Jun. 1, 2010 Sheet 12 of 12 US 7,728,364 B2

FIG. 13C

FIG. 13B| ,,,



US 7,728,364 B2

1

ENHANCED MOBILITY CMOS
TRANSISTORS WITH A V-SHAPED
CHANNEL WITH SELF-ALIGNMENT TO
SHALLOW TRENCH ISOLATION

FIELD OF THE INVENTION

The present invention relates to semiconductor devices,
and particularly, to complementary metal oxide semiconduc-
tor (CMOS) transistors.

BACKGROUND OF THE INVENTION

A key metric for performance of transistors i1s the on-
current, which 1s the current of a transistor per unit gate width
when 1t 1s turned on. The minority carrier mobility has been
identified as a limiting factor in determining the on-current of
high performance transistors. One of the key parameters
determining the mobility of minority carriers 1s the crystal-
lographic surface orientation on which the channel of the
transistor 1s formed. By manipulating the transistor structure
such that a favorable surface orientation 1s used for each type
ol transistors, both P-type field effect transistors (PFETs) and
N-type field effect transistors (NFETs) with high minority
carrier mobility may be formed 1n a CMOS transistor circuit.

In some semiconductors, electron mobility and hole mobil-
ity achieve maximum on different crystallographic planes.
For example, electron mobility achieves the maximum 1n the
{100} surface orientations and the minimum in the {110}
surface orientations within single crystal silicon. In contrast,
hole mobility achieves the maximum in the {110} surface
orientations and the minimum in the {100} surface orienta-
tions within single crystal silicon.

The prior art has shown that the performance of a semicon-

ductor circuit can be enhanced by utilizing diflerent crystal-
lographic planes for the PFET and NFET devices. The use of
two different surface orientations on the same semiconductor
substrate 1s called “hybrid orientation technology (HOT)” 1n
the semiconductor industry. The prior art also provides meth-
ods of implementation of the hybrid orientation technology.

According to an approach in hybrid orientation technology,
two different crystallographic planes are provided by bonding,
two or more walers. In some cases, epitaxy in conjunction
with chemical mechanical planarization (CMP) 1s employed
to create areas with different surface orientations. The topog-
raphy of surfaces after the bonding, epitaxy, and CMP tend to
be planar. However, disadvantages of this approach include
the complexity of the processes and the propensity of epitaxy
for defect generation. Furthermore, a substantial portion of
the surface area around the boundary between two different
crystallographic orientations becomes unusable for high per-
formance CMOS devices due to crystalline defects at the
boundary of the single crystal area. This limits the flexibility
in the layout of the CMOS circuitry since PFETs and FETs
need to be placed within close proximity of each other for
many high performance circuit designs.

A different approach utilizing facets with different crystal-
lographic orientations than the original surface of a semicon-
ductor substrate 1s known 1n the prior art. As an example,
Weber et al., “A Novel Locally Engineered (111) V-channel
pMOSFET Architecture with Improved Drivability Charac-
teristics for Low-Standby power (LSTP) CMOS Applica-

tions,” 2005 Symposium on VLSI, 2005, pp. 156-157, dis-
closes a transistor structure in which a channel 1s formed

within a V-shaped groove. The current tlows within the plane
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of the V-shape groove following the path 1n the shape of the
letter, V, including an inflection 1n the direction of the current
in the middle of the channel.

Also, methods of forming a V-shaped groove with different
crystallographic orientations than that of the original sub-
strate by patterming a rectangular area of the semiconductor
surface for exposure to a wet etch 1s also known. However, the
methods of forming such V-shaped grooves according to the
prior art involves lithographic patterning of the semiconduc-
tor area to be exposed to an etch. In other words, a litho-
graphic mask must contain the patterns corresponding to the
outer edges of the V-shaped grooves. Since lithographic pro-
cesses require a certain level of overlay tolerance, the silicon
area within which a V-shaped groove 1s to be formed must be
larger than the size of the V-shaped groove. Thus, the silicon
area needs to include an “overlay budget,” or an extra space of
s1licon area to allow for the variations 1n the overlay during a
lithographic process. However, each generation of semicon-
ductor technology requires more compact transistor designs
that use less of the silicon area for a transistor.

Theretfore, there exists a need for a structure and methods
for a more compact transistor with a V-shaped groove con-
taining crystallographic facets formed on a semiconductor
substrate.

Furthermore, there exists a need for a CMOS transistor
structure and methods of forming a compact transistor with a
V-shaped groove containing crystallographic facets formed
on a semiconductor substrate along with another transistor
with a channel formed on a semiconductor surface with the
substrate orientation.

SUMMARY OF THE INVENTION

The present invention addresses the needs described above
and provides structures and methods for an enhanced perfor-
mance CMOS transistor with a V-shaped channel without the
requirement for any extra semiconductor area for overlay
tolerance.

Specifically, the present invention provides a CMOS tran-
sistor with a V-shaped groove that 1s self-aligned to surround-
ing shallow trench isolation (ST1).

Also, the present mvention provides a CMOS transistor
with a frame of a flat semiconductor surface around a
V-shaped groove.

The present invention enables the increase of transistor
on-current by the inverse of the cosine of the angle between
the crystallographic facets and the substrate orientation.

The present invention also enables the increase of the tran-
s1stor on-current by utilizing the different surface orientations
of crystallographic facets of the V-shaped grooves relative to
the original substrate orientation.

The present invention 1s described with figures for a spe-
cific SRAM cell structure that utilizes two PFETs and four
NFETs. This 1s because the set of challenges facing the
enhancement of SRAM performance 1s a comprehensive
example of the challenges facing the overall improvement of
a large semiconductor circuit in general. For example, the
transistors 1n an SRAM cell need to be high performance
devices despite their small size, therefore requiring high
mobility of the minority carriers 1n the channel. At the same
time, the transistors require small off current, or small leakage
current, which 1n turn requires a low level of defect density 1n
the semiconductor substrate, especially in the channel. Also,
due to the need to place PFETs and NFETs within a close
proximity of one another, unusable area due to the defects
generated from the boundary between areas of different crys-
tallographic orientation needs to be minimized or better yet,
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climinated. Also, SRAM devices are very common 1n semi-
conductor industry and many CMOS processes are developed
around optimizing the SRAM performance.

Despite the fact that the main body of this disclosure 1s
described using a specific SRAM layout, however, it should
be recognized by those skilled 1n the art that the PFET area
and NFET area 1n the description can be applied to any PFET
or any NFET on the substrate. Thus, the present invention
applies to any CMOS device that may utilize the benefits of
having multiple surface orientations for other types of semi-
conductor devices.

While this disclosure uses a bulk silicon substrate to
describe the invention, i1t should be recognized that the
present invention can equally well be practiced on a silicon-
on-1nsulator (SOI) substrate, a si1licon substrate with a relaxed
deposited thick layer of material such as a S1,_ Ge_ layer, a
S1,_,C, layer, or a 81, Ge,_ C, layer on the top of the sub-
strate. Furthermore, the present invention is also compatible
with a S1:C substrate. Such a substrate 1s typically obtained by
substitutionally replacing about 0.5% to 4% of the silicon
atoms with carbon atoms 1n a silicon substrate. This type of
material 1s typically deposited by epitaxy and consequently,
epitaxially aligned to the underlying substrate, that 1s, 1t forms
part of the same crystalline structure. The materials that can
be epitaxially grown on the underlying substrate include
intrinsic silicon, intrinsic silicon germanium alloy, intrinsic
silicon carbon alloy, intrinsic silicon germamum carbon
alloy, P-doped silicon, P-doped silicon germanium alloy,
P-doped silicon carbon alloy, P-doped silicon germanium
carbon alloy, N-doped silicon, N-doped silicon germanium
alloy, N-doped silicon carbon alloy, and N-doped silicon ger-
manium carbon alloy. Also, given suitable chemicals to effect
a preferential etch, or an anisotropic etch, as will be described
below, the present invention may also be utilized on a I1I-V
compound semiconductor substrate as well as a 1I-VI com-
pound semiconductor substrate.

Dependence of etch rate on crystallographic orientations
has been known 1n the art. Wet etch or reactive 1on etch may
be employed to create crystallographic facets that have diit-
terent surface orientations than provided by the original sur-
face orientation of the semiconductor substrate. In addition,
selection of the preferred orientation of semiconductor sur-
faces through the use of surfactants 1s also known 1n the art.

The formation of V-shaped grooves known 1n the prior art
requires lithographic patterning of the semiconductor area to
be exposed to an etchant. The mask 1tself contains the patterns
for the semiconductor area to be exposed to an amisotropic
etch. Due to the overlay requirement during lithography, the
semiconductor area needs to be larger than the area for the
V-shaped groove by the overlay tolerance on all sides of the
edge of the V-shaped groove. Areas of the substrate wherein
the original surface orientation 1s preferred for the devices to
be built are covered with the mask, which protects the semi-
conductor substrate from the etchant during the anisotropic
etch process. Therest of the semiconductor surface 1s exposed
to the etchant during the anisotropic etch process. An aniso-
tropic etch process has different etch rates for different crys-
tallographic orientations of the exposed surface and produces
facets with the least etch rate for the given anisotropic etch
process from the exposed silicon surface. An important fea-
ture of the prior art 1s that the pattern for the semiconductor
area to be exposed to an etchant must be formed within the
mask.

A critical feature of the present invention 1s selif-alignment
of the V-shaped channel to the shallow trench 1solation. As
stated above, the prior art requires a mask containing the
shape of the semiconductor area to be exposed to the aniso-
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tropic etch. The present invention does not require the mask to
contain the shapes of the semiconductor area to be exposed to
the amisotropic etch. The present invention only requires a
general area to be defined in the mask such that the general
area contains the semiconductor area to be exposed to an
ctchant. The edge of the general area may be located any-
where within the shallow trench 1solation that divides an area
to be exposed to the etchant and another area to be protected
from the etchant. Given the above limitation on the mask, the
V-shaped trenches are formed self-aligned to the shallow
trench 1solation within the semiconductor area that 1s exposed
to the etchant.

The pattern for a V-shaped groove for a high performance
transistor requires small dimensions typically on the order of
less than 100 nm, necessitating the use of a deep ultraviolet
(DUV) mask according to the prior art. The present invention
does not necessitate patterns for V-shape grooves 1in the mask,
but requires blocking of the general area to be protected from
an etchant. For practical purposes, even a mid-ultraviolet
(MUV) mask suifices for such purposes since the edge of
such a mask may land anywhere within an STI area that 1s
located between the area to be exposed to an etchant and the
rest of the area that 1s to be covered with a mask.

According to the present invention, the current flows along
the pair of parallel edges and perpendicular to the cross-
section that contains the V-shaped profile of the surfaces and
of the channel. Typically, the physical channel 1s formed of
two facets and a ndge 1n the middle. The cross-section of the
channel perpendicular to the direction of the current has a
V-shaped profile.

According to a first embodiment of the present invention, a
V-shaped groove 1s formed 1n a semiconductor area that 1s
bounded by shallow trench isolation (STI). The size of the
V-shaped groove 1s identical to the size of the V-shaped
groove. The interface between the facets of the V-shaped
groove and surrounding STI 1s the “boundary” for the
V-shaped groove.

Prior to exposing a portion of semiconductor substrate to
an etchant for the formation of the V-shaped groove, the
vertical height of the semiconductor surface 1s not substan-
tially higher and preferably lower than the surface of the
shallow trench 1solation. This 1s to minimize the number of
spurious facets during the formation of a V-shaped groove. A
semiconductor surface located higher than the STI necessi-
tates a longer anisotropic etch and may result 1n a deeper
depth of the V-shaped groove.

A mask 1s used to cover the general area of the semicon-
ductor surface to be protected from an anisotropic etch pro-
cess. The exposed area of the semiconductor substrate is
subjected to an anisotropic etch process. At least one
V-shaped groove 1s formed within an area bounded by the
shallow trench isolation. The number of V-shaped grooves
depends on the geometry of the semiconductor area, or the
active area that 1s surrounded by STI. While the present inven-
tion 1s described in detail for a rectangular semiconductor
area herein, the present invention may be practiced with any
geometry of semiconductor area that 1s conducive to the for-
mation of V-shaped grooves. In some applications, multiple
V-shaped grooves may be joined within a semiconductor
area. Also, multiple CMOS ftransistors may be built on the
same V-shaped groove.

Within a rectangular semiconductor area, a V-shaped
groove consists of two triangular facets and two trapezoidal
facets. The two trapezoidal facets are joined by a ridge
between them. The surface orientations of the crystallo-
graphic facets within the V-shaped groove are at an angle to
the surface orientation and are not orthogonal to the surface
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orientation. Preferably, the two trapezoidal crystallographic
facets have a higher minority carrier mobility for the type of
transistor to be built on and beneath them.

According to the first embodiment of the present invention,
a transistor 1s formed utilizing the V-shaped groove. By
depositing a gate stack including a gate dielectric and by
patterning the gate stack such that a gate line crosses the ridge
while exposing the V-shaped groove on both sides of the gate
line, a channel 1s formed 1n the middle of the V-shaped groove
with a source and drain on opposing sides of the gate line in a
top-down view. Spacers may be placed around the gate line as
needed. Finally, the contacts are formed on the source and the
drain of the transistor.

The final structure of a transistor formed according to the
first embodiment of the present invention has a channel thatis
located beneath the V-shaped groove and adjoins a portion of
the ridge and a portion of each of the two crystallographic
facets. In other words, a channel 1s formed such that the
channel area encompasses at least a portion of the ndge and
portions of each of the two crystallographic facets that form
the ridge. Preferably, the channel area extends to the bound-
ary and adjoins the shallow trench 1solation on both crystal-
lographic facets.

The source 1s adjoined to the channel and located on the
ridge, that 1s, the source includes a portion of the ridge located
on an extension of the portion of the ridge 1nside the channel
area. A drain 1s adjoined to the channel on the other side of the
gate line so that the drain does not adjoin the source. The drain
1s adjoined to the channel and located on the same ridge as the
source. A gate dielectric adjoined to and located above the
channel and a gate conductor 1s disposed on and adjoined to
the gate dielectric. The gate conductor 1s not adjoined to the
channel, the source or the drain. Preferably, the spacers sepa-
rate the source and the drain from the gate conductor.

Cases are contemplated wherein the original ridge of the
V-shaped groove 1s further recessed 1n the source or 1n the
drain so that the vertical height of the extension of the portion
of the ridge inside the channel area 1s lower than the vertical
height of the ridge 1n the channel. Also, cases are contem-
plated wherein selective epitaxial deposition of semiconduct-
ing material raises the vertical height of the ridge of the
V-shaped groove in the source or in the drain so that the
extension of the portion of the ridge inside the channel area 1s
higher than the vertical height of the ridge in the channel area.

The on-current of a transistor built on such facets benefits
from the increase of the channel width by a factor of the
inverse of the cosine of the angle between the surface orien-
tation of the facet and the substrate orientation. Furthermore,
the on-current of the same transistor benefits from the
increased carrier mobility due to the new orientation of the
surface beneath which the channel 1s formed.

The V-shaped groove according to the first embodiment of
the present mvention may be formed with a single ridge
between two trapezoid facets, such as may be formed it the
semiconductor area bounded by shallow trench 1solation 1s
rectangular. Alternatively, the V-shaped groove may be
formed with multiple ndges, such as may be formed 1f the
semiconductor area bounded by shallow trench 1solation 1s
“L” shaped or 1s shaped 1n a more complex pattern such as an
“H” shape as long as the pattern of the semiconductor area
bounded by the shallow trench 1solation 1s conducive to the
generation of a ridge joining two crystallographic facets near
the middle of the two locally adjacent edges of the semicon-
ductor area, or the two locally adjacent portions of the bound-
ary.

Preferably, the formation of a transistor 1s on a ridge
formed by two trapezoid facets. However, formation of a
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transistor on a ridge joined by a trapezoidal facet and a trian-
gular edge 1s also contemplated herein.

According to a second embodiment of the present mnven-
tion, a frame of semiconductor surface surrounds the
V-shaped groove and 1s bounded by shallow trench 1solation
(STI). In other words, the V-shaped groove 1s nested within a
frame of semiconductor surface. In turn, the frame of semi-
conductor surface 1s surrounded by shallow trench 1solation.
The frame of semiconductor surface has a constant width and
1s self-aligned to the shallow trench 1solation. The frame may
advantageously be used to reduce the corner rounding of the
s1licon surface and the indefimiteness of the surface orienta-
tions near the STI. According to the second embodiment of
the present invention, the semiconductor area, or the active
area, consists of the V-shaped groove and the frame of semi-
conductor surface. The nterface between the facets of the
V-shaped groove and the frame of the semiconductor surface
1s the “boundary” for the V-shaped groove.

Prior to exposing a portion of semiconductor substrate to
an etchant for the formation of the V-shaped groove, the
semiconductor surface to be etched 1s made lower than the
STT 1n vertical height. This 1s achieved either by making the
height of the STI higher or by recessing the semiconductor
surface to be etched relative to ST prior to the exposure to the
etchant. Once the semiconductor surface to be etched 1s lower
than the surrounding STI, an ST1 spacer 1s formed 1nside the
periphery of the semiconductor area, or the active area, by
deposition of a blanket film followed by a reactive 1on etch.
The area covered by the STT spacer 1s the area for the frame of

semiconductor surface that surrounds the V-shaped groove 1n
the final structure.

Thereatter, a mask 1s used to cover the general area of the
semiconductor surface to be protected from the etch and
uncovered areas of the semiconductor substrate are subjected
to an etch having an amsotropic etch rate. The STI spacer
protects the semiconductor surface within the frame from
being etched during the exposure to an etchant. A V-shaped
groove 1s formed within an area bounded by the frame of
semiconductor surfaces. The semiconductor surface within
the frame has a surface orientation that i1s i1dentical to the
substrate orientation. The surface orientations of the crystal-
lographic facets within the V-shaped groove are at an angle to
the surface orientation and are not orthogonal to the surface
orientation.

According to the second embodiment of the present inven-
tion, a transistor 1s formed utilizing the V-shaped groove. By
depositing a gate stack including a gate dielectric and pattern-
ing the gate stack such that the gate line crosses the ridge
while exposing the V-shaped groove on both sides of the gate
line, a channel 1s formed 1n the middle of the V-shaped groove
with a source and drain on opposing sides of the gate line in a
top-down view. Spacers may be placed around the gate line as
needed. Finally, the contacts are formed on the source and the
drain of the transistor.

The final structure of a transistor formed according to the
second embodiment of the present invention has a channel
that 1s located beneath the V-shaped groove and adjoins a
portion of the ridge and a portion of each of the two crystal-
lographic facets. In other words, a channel 1s formed such that
the channel area encompasses at least a portion of the ridge
and portions of each of the two crystallographic facets that
form the ridge. Preferably, the channel area extends into the
frame of semiconductor surface and to the edges of the semi-
conductor area, or the active area, and adjoins the shallow
trench 1solation on both sides of the frame.
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The spatial relationships among the channel, source, drain,
a gate dielectric, gate conductor, and spacers are 1dentical to
those according to the first embodiment of the present inven-
tion.

According to the second embodiment of the present inven-
tion, the V-shaped groove may be formed within a single
rectangular area or 1n an area with a shape of a more complex
pattern as 1n the first embodiment of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a bird’s eye view of a portion of an SRAM
structure according to the first embodiment of the present
invention.

FIG. 2A 1s a cross-sectional view of a substrate having a
substrate orientation in the direction of the arrow A.

FI1G. 2B 1s a cross-sectional view of a substrate having new

surface orientations B and C according to the present inven-
tion.

FIGS. 3A-8A are top-down views of an SRAM structure
according to the first embodiment of the present invention.

FIGS. 3B-8B are cross-sectional views ol the SRAM struc-
ture along the line B-B' according to the first embodiment of
the present invention.

FIGS. 3C-8C are cross-sectional views ol the SRAM struc-
ture along the line C-C' according to the first embodiment of
the present invention.

FIGS. 9A-13A are top-down views of an SRAM structure
according to the second embodiment of the present invention.

FIGS. 9B-13B are cross-sectional views of the SRAM

structure along the line B-B' according to the second embodi-
ment of the present invention.

FIGS. 9C-13C are cross-sectional views of the SRAM
structure along the line C-C' according to the second embodi-
ment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention, which provides enhanced mobility
CMOS transistors with a V-shaped channel having self-align-
ment to STI, will now be described 1n greater detail by refer-
ring to the drawings that accompany the present invention. It
1s noted that the drawings are provided for illustrative pur-
poses and as such they are not drawn to scale.

FIG. 1 shows a bird’s eye view of a portion of an exemplary
SRAM structure after a gate stack etch and before removal of
the gate dielectric according to the first embodiment of the
present invention. In FIG. 1, a semiconductor substrate 110,
shallow trench 1solation 130, a gate dielectric 141, a V-shaped
groove 111 formed in a PFET region, a flat semiconductor
area 117 formed 1n an NFET region, and a gate line 144 are
shown. The purpose of this bird’s eye view 1s to show the
general structure of the present invention that comprises a
V-shaped groove formed by two crystallographic facets meet-
ing at or around the middle of the semiconductor area and a
channel formed adjacent to and beneath the V-shaped groove
such that the direction of the current flow 1s 1n the direction of
the ridge formed by the two adjoining crystallographic facets.

Before describing the present invention in further detail,
definitions of terms used in this disclosure are presented
herein.

The term ““substrate orientation” denotes the orientation of
the surface of the substrate 1n the case of a bulk semiconductor
substrate consisting of only one single crystal across the
entirety of the substrate. In the case of a silicon-on-1nsulator
(SOI) water containing at least one buried oxide layer and 1n
which all the semiconductor material between the top surface,
on which semiconductor devices are built, and the first under-
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lying buried oxide (BOX) layer has the same crystallographic
orientations, the term “substrate orientation” denotes the ori-
entation of the surface of the semiconductor material between
the top surface and the first underlying BOX. In the case of an
SOI water with multiple regions of semiconductor material
with different crystallographic orientations among them, as 1s
the case with substrates manufactured with hybrid orientation
technology, the term “substrate orientation” denotes the local
orientation of the semiconductor material, out of which or
above which a referenced semiconductor device 1s located. In
practical terms, “substrate orientation” refers to the original
orientation of the semiconductor surface, above and/or out of
which the referenced semiconductor device 1s manufactured.

The definition of “substrate orientation”™ 1s pictorially 1llus-
trated 1n FIG. 2A. An SOI substrate 80 comprises the bottom
semiconductor portion 81, a bunied oxide layer 82, a top
semiconductor portion 83, and a top surface 84, and a bottom
surface 85. The top surface 84 1s substantially flat and extends
parallel to the bottom surface 85. The top semiconductor
portion 83 contains the semiconductor material on which
semiconductor devices are to be subsequently built. An arrow
labeled “A” 1s placed 1n FIG. 2A perpendicular to the top
surface 84. The crystallographic orientation of the top semi-
conductor portion 1n the direction of the arrow A 1s the “sub-
strate orientation.” The crystallographic orientation of the
bottom semiconductor portion 81 does not matter for the
determination of the “substrate orientation™ for the purposes
of the present mnvention. If a wafer has multiple areas with
multiple crystallographic orientations, the “substrate orienta-
tion” 1s defined locally utilizing the crystallographic orienta-
tion of the local top semiconductor portion 1n the direction of
the arrow A.

In contrast to the substrate orientation, the surface orienta-
tion 1s defined locally from any substantially extending sur-
face of semiconductor surface. The crystallographic orienta-
tion of the local semiconductor material 1n the direction of the
vector normal to the local surface of that local semiconductor
material defines the “surface orientation™ of the local surface.

FIG. 2B 1llustrates a structure with multiple surface orien-
tations according to the present invention. The area of the top
semiconductor portion 83 in FIG. 2A 1s divided into two
portions alter processing. A first portion 835 of top semicon-
ductor with a first surface 84' has a surface orientation corre-
sponding to the crystallographic orientation of the first por-
tion 1n the direction of the arrow A. A second portion 86 of a
top semiconductor with multiple second surfaces 97 and mul-
tiple thaird surfaces 98 has two surface orientations corre-
sponding to the crystallographic onentations of the second
portion in the direction of the arrows B and C. Obviously, both
the first portion and second portion have the same crystallo-
graphic orientations 1n the same direction because the crys-
talline structure did not rotate during processing. Therefore,
the direction of the arrow A 1s the direction of the substrate
orientation, while the direction of the arrow B or C 1s at an
angle with the substrate orientation.

It 1s noteworthy that standard semiconductor processing
sometimes produces a surface orientation for the semicon-
ductor material that 1s not quite the same as the original
surface orientation due to imperfect processing conditions.
The angle between this type of surfaces and the original
surface orientation of the substrate, 1.e., the substrate orien-
tation, may be different from zero degree but 1s very close to
zero degree, that 1s, less than 8 degrees and most likely to be
less than 1 degree. The varniations 1n this type of angle are
subjected to process variations and are hard to predict or
control, and does not coincide with any major crystallo-
graphic orientations, and most of all, does not serve usetul
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purposes. This type of angle 1s herein referred to be “substan-
tially zero degree’ and refers to an angle generated by imper-
fections 1n processing rather than by design. In contrast, the
type of angles outside the range of “substantially zero degree™
1s referred to be “substantially greater than zero degree”

Similarly, standard semiconductor processing also pro-
duces surface orientations for the semiconductor material that
1s vertical or almost vertical. The angle between this type of
surfaces and the original surface orientation of the substrate,
1.€., the substrate orientation, 1s either 90 degrees or very close
to 90 degrees, that 1s, between 82 degrees and 98 degrees and
most likely between 88 degrees and 92 degrees. Once again,
the vanations 1n this type of angle are subjected to process
variations and are hard to predict or control, does not coincide
with any major crystallographic orientations, and most of all,
does not serve any useful purpose. This type of angle 1s herein
referred to be “substantially orthogonal” and refers to an
angle generated by imperfections in processing rather than by
design. In contrast, an angle outside the range of “substan-
tially orthogonal™ 1s referred to be “substantially not orthogo-
nal.”

The type of surface orientation that the present invention
enables 1s at an angle substantially greater than zero degree
and substantially not orthogonal to the substrate orientations.
For example, if the substrate orientation 1s (100) and the
surface orientations after an anisotropic etch are {110} type
planes, the angle between the substrate orientation and any of
the surface orientation 1s 45 degrees. In general, the angle
between two vectors 1n a cubic lattice can easily be calculated
by the dot product of two vectors since the dot product 1s the
length of the first vector times the length of the second vector
times the cosine of the angle between the two vectors. The
following tabulates angles between major crystallographic
planes. Zero degree and 90 degree angles that are not intended
to be obtained by the present invention are marked with N/A
in table 1.

TABLE 1

Angles between substrate orientation and major crystallographic
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orientations according to the present invention

Surface Surface Surface Surface Surface

orientation orientation orientation orientation orientation

{100} {110} {111} {211} {221}
Substrate  N/A 45 degrees ~54.73 ~35.26 or ~48.18 or
orientation degrees ~65.90 ~70.53
(100) degrees degrees
Substrate 45 degrees N/A ~35.26 ~30.01, ~19.47, 45
orientation degrees ~54.74 or or ~76.36
(110) ~73.22 degrees degrees
Substrate  ~54.73 ~35.26 N/A ~19.47 or ~15.79,
orientation degrees degrees ~61.87 ~34.74 or
(111) degrees ~78.90

degrees

Proceeding with detailed description of the present mven-
tion, FIGS. 3A-3C show schematics of an exemplary SRAM
according to the first embodiment of the present invention
after the lithographic patterming of shallow trench 1solation
(STI) and an STI etch. A pad oxide layer 122 and an original
pad nitride layer 124 are deposited on a semiconductor sub-
strate 110 and are patterned to form STI regions. The semi-
conductor material 1n the STI region 1s then etched. In this
exemplary SRAM structure, the areas 1n FI1G. 3A that contain
the original pad nitride 124 after the ST1 etch are semicon-
ductor areas. Of the two semiconductor areas 1n FIG. 3A, the
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rectangular area that contains the original pad nitride 124 1s
the PFET area. The other area that also contains the pad
nitride 1s the NFET area.

The STI regions are filled with STI materials 130, which
are typically a silicon oxide with a liner. The liner 1s typically
a nitride layer, an oxynitride layer, or a stack of silicon oxide
and silicon nitride layers. For the description of the present
invention, all materials filling the STI region are collectively
called STI material 130. The structure that the STI material
130 fills 1s STI. The substrate 1s planarized with chemical
mechanical polishing (CMP) after the STI regions are filled
with STI material 130 so that the residual pad mitride 124" 1s
only a portion of the original pad nitride 124 remains on top
of the pad oxide 122. FIGS. 4A-4C show the structure of the
exemplary SRAM structure according to the first embodi-
ment of the present invention after CMP.

The residual pad mitride 124" 1s removed after CMP prei-

crably by a wet etch. At this point, the pad oxide 122 covers
both the PFET area and the NFET area. The STI regions are

filled with STI material 130. The height of the surface of the
pad oxide 122 1s at this point lower than the height of the STI
by the thickness of the residual pad mitride 124" at the end of
the CMP step. The resulting structure 1s shown i FIGS.
5A-5C.

Masking material 135 is deposited or applied on the surface
of the semiconductor substrate and lithographically pat-
terned. The masking material 135 may comprise a photore-
sist, a dielectric material, a stack of dielectric materials, a
stack of dielectrics and a semiconductor material, or a stack of
dielectric maternials and a photoresist. Preferably, the masking
material 135 1s a photoresist.

The lithographic mask for this masking material 135 does
not need to contain the patterns for the semiconductor area,
specifically, the PFET area. Instead, the lithographic mask
needs only to contain a pattern for the general area to be
masked or exposed. For all practical purposes, a mid-ultra-

Surface
orientation

{311}

~25.24 or
~72.45
degrees
~31.4% or
~64.76
degrees
~29.49,
~3&.52 or
~79.98

degrees
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violet (MUYV) mask 1s sufficient. This feature of the present
invention 1s enabled because the formation of a V-shaped

groove 1s self aligned to the STT 130. FIGS. 6 A-6C demon-

strates the simplicity of the process according to the first
embodiment of the present invention. The masking material
135 blocks an area including the NFET area. However, the
edge of the masking material 135 may be located anywhere
within an STI region between a PFET area and an NFET area
without adversely affecting the resulting structure. The PFET
area 1s not covered by the masking material 135 at this point
but 1s covered only by the pad oxide 122.
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The pad oxide 122 1s then removed from the PFET area and
the top semiconductor surtaces of the exposed PFET area 1s
subjected to an anisotropic etch, which produces surface ori-
entations other than the substrate orientation of the semicon-
ductor substrate. Thereafter, the masking material 135 1is
removed. The resulting structure 1s shown 1n FIGS. 7TA-7C,
which shows the flat semiconductor surface 117 with the
same surface orientation as the substrate orientation, two
trapezoid facets 111, the ridge 113 at which the two trapezoi-
dal facets 111 meet, two triangle facets 113, as well as the STI
130 and the substrate 110.

Generally, the numbers of and the shapes of the facets
depend on the particular geometry of a semiconductor area
exposed to the anisotropic etch process. The present mven-
tion, including the first embodiment, requires only that two
facets meet to form a ridge on the semiconductor surface
below which a channel 1s to be formed. Formation of a chan-
nel adjacent to and beneath a ridge formed by two trapezoid
facets 1s preferred. However, formation of a channel adjacent
to and beneath a ridge formed by a trapezoid facet and a
triangle facet 1s also contemplated.

While the present invention 1s described for a rectangular
semiconducting area, one of ordinary skill in the art may join
many rectangular semiconductor areas together to form a
more complex overall shape such as an “L” shape or an “H”
shape. Even multiple transistors may be formed on a long
V-shaped groove or on a V-shaped groove with more complex
overall shape. In this case, “trapezoidal” facets may not nec-
essarily be a trapezoid but just have two parallel edges, one of
which join another “trapezoidal” facets to form a ridge where
the two facets meet near the middle of the two locally adjacent
edges of the semiconductor area.

Also, one of ordinary skill in the art can form an arbitrary
polygon shape that has non-orthogonal angles between the
adjoining edges of the shape of the semiconductor area such
that the resulting etched shape still contains a V-shaped
groove formed by two adjoiming crystallographic facets. For
example, if a (111) substrate 1s used, the angle between
adjoining edges of the semiconductor area can be 60 degrees
or 120 degrees. A V-shaped groove with two crystallographic
facets joined by a ridge between them can still be formed
within a semiconductor area.

The application of an etchant during the anisotropic etch
process may be done through a wet etch process or a reactive
ion etch process. Both types of anisotropic etch processes
need to have anisotropic etch rates along different crystallo-
graphic orientations of the substrate. A crystallographic facet
along which the etch rate 1s low for the anisotropic etch rate
process results at the end of the amisotropic etch. If a set of
crystallographic facets have substantially lower etch rates
compared to the rest of the crystallographic facets, the result-
ing structure from an exposed semiconductor area contains
primarily the set of crystallographic facets with the low etch
rate.

In the exemplary SRAM structure used for the description
of the present invention, the substrate i1s a silicon substrate
with a (100) orientation. Preferably, the PFET area 1s exposed

to an anisotropic etch. The surface orientations of the crys-
tallographic facets are preferably {110}, {111}, {211},

{221} or {311}, and most preferably {110}. This is because
a PFET has the highest mobility on a silicon surface with a
1110} surface orientation and NFET has the highest mobility
on a silicon surface with a {100} surface orientation.

In this case, the following exemplary wet etch processes
may be used. A first example of such a process 1s a wet etch
process utilizing a pure TMAH (tetramethyl-ammonium

hydroxide; (CH;),NOH) solution, which produces {110}
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facets due to the higher rate of etch along {110} surface
orientations than along {100} surface orientations. A second
example is a wet etch process which comprises a pretreatment
with SC1 clean consisting of a mixture of H,O, NH,OH, and
H,O,, followed by an etch in a dilute hydrofluoric acid
(DHF), then followed by another etch mn an ammonium
hydroxide solution (NH,OH). This process also has higher
etch rate along {110} surface orientations than along {100}
surface orientations. A third example 1s a reactive 1on etch
used for deep trench formation in the DRAM processes,
which tends to produce {110} facets on the surface of the
semiconductor material.

For the anisotropic etch process, other anisotropic wet etch
or reactive 10n etch processes may be used as long as etchant
has an anisotropic etch rate along different crystallographic
planes. In the case of an anmisotropic wet etch process, the
semiconductor substrate may be pretreated with a chemical
that modifies the ratio of etch rates along different crystallo-
graphic planes of the semiconductor substrate prior to sub-
jecting the exposed portion of the semiconductor surface to
the etchant.

A suitable threshold wvoltage implantation may be
employed at various stages of the etch to optimize the FET
performance.

Thereatter, a gate dielectric 141 1s formed on both the
NFET area and the PFET area, followed by a deposition of
gate conductor and patterning of the gate conductor to form
gate lines 144. FIGS. 8 A-8C show the exemplary SRAM
structure at this stage. Spacers, source and drain extensions,
and source and drain regions with suitable doping or embed-
ded material are formed thereafter followed by contact for-
mation and back-end-of-line processes for wiring of devices.
Spacers are formed around the gate lines. The extensions are
formed beneath the spacers within the semiconductor sub-
strate. The source and drain regions are formed adjacent to the
spacers and beneath the surface of the semiconductor sub-
strate. Contacts are formed on the source and drain regions.
One of ordinary skill in the art can easily optimize the place-
ment of the spacers, extensions, source and drain regions, and
contacts based on the location of the semiconductor area, that
1s, the PFET area and the NFET area, and the location of the
gate lines.

According to the second embodiment of the present mnven-
tion, 1dentical processing steps are employed up to the litho-
graphic patterning of shallow trench 1solation (STI) and an
STI etch as shown 1 FIGS. 3A-3C. Preferably, during the
deposition of the pad nitride 124, however, a thicker pad
nitride layer 1s deposited. The same STT fill process 1s used to
{11l the STI regions with STI material 130.

The substrate 1s planarized with chemical mechanical pol-
ishing (CMP) after the STI regions are filled with STI mate-
rial 130. In a preferred version of the second embodiment of
the present invention, however, the residual pad mitride 124" 1s
thicker than that in the first embodiment so that after the
planarization. The surface of the pad oxide 122 1s at this point
recessed by the thickness of the residual pad nitride 124" at the
end of the CMP step as shown 1n FIGS. 9A-9C.

The residual pad mitride 124' 1s removed preferably by a
wet etch. An STT spacer layer 132 1s deposited by blanket
deposition followed by a deposition or application of a mask-
ing material 135. The masking material 135 i1s then litho-
graphically patterned. As pointed out before, the masking
material 135 does not need to contain the patterns for the
semiconductor area to be etched but needs to contain only the
pattern for the general area to be masked or exposed. For all
practical purposes, a mid-ultraviolet (MUV) mask 1s sudfi-
cient.
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A reactive 10on etch (RIE) 1s employed to form STI spacers
132' on the inside of and along the periphery of semiconduc-
tor areas not covered by the masking material 135. The result-
ing structure 1s shown in FIGS. 10A-10C, wherein a stack of
an STI spacer 132' and a residual pad nitride 122' 1s formed
along the mside of the edge of the PFET area.

Thereafter, the PFET area i1s subjected to an anisotropic
ctch. This produces surface orientations other than the sub-
strate orientation of the semiconductor substrate. The stack of
an ST1 spacer 132' and a residual pad nitride 122" protects the
semiconductor surface located underneath such that the
resulting structure forms a V-shaped groove only inside the
stack of an STI spacer 132' over a residual pad nitride 122’
The surface of the V-shaped groove consists of facets with
different crystallographic orientations than the substrate ori-
entation of the semiconductor substrate. The resulting struc-
ture 1s shown i FIGS. 11A-11C.

The same examples and limitations apply to the anisotropic
ctch and the use of threshold voltage implantation in the
second embodiment as 1n the first embodiment of the present
invention.

The masking material 135 1s removed. The STI spacer
layer 132, the pad oxide layer 122, and the stack of an STI
spacer 132' and a residual pad nitride 122" are then removed
preferably by a wet etch. The newly exposed area forms a
frame of a semiconductor surface with the same surface ori-
entation as the substrate orientation. Preferably, the STI mate-
rial 130 1s recessed at this point to reduce the step height
variations before the deposition of the gate stack. The result-
ing structure 1s shown i FIGS. 12A-12C, which shows the
flat semiconductor surtace 117 which has the same surface
orientation as the substrate orientation, two trapezoid facets
111, the nndge 115 at which the two trapezoidal facets 111
meet, two triangle facets 113, and the frame 132' of semicon-
ductor surface as well as the STI 130 and the substrate 110.

Thereatfter, the process sequence follows 1n the same way
as 1n the first embodiment of the present invention providing
the structure shown 1n FIGS. 13A-13C. Also, the same con-
siderations for the choice of crystallographic surfaces apply
to the second embodiment as to the first embodiment.

One of ordinary skill 1n the art may construct an alternative
structure and processing methods for a silicon substrate with
a (110) orientation. In this case, the NFET area 1s preferably

exposed to an anisotropic etch. The surface orientations of the
crystallographic facets are preferably {100}, {111}, {211},

{221} or {311}, and most preferably {100}. This is because
a NFET has the highest mobility on a silicon surface with a
1100} surface orientation and PFET has the highest mobility
on a silicon surface with a {110} surface orientation.

An example of an anisotropic etch process that produces
1100} orientations is a wet etch process which comprises a
pretreatment 1n a dilute hydrofluoric acid (DHF), followed by
drying 1n an environment containing isopropyl alcohol (IPA)
vapor, then followed by an etch 1n an ammonium hydroxide
(NH_,OH) solution.

Also, one of ordinary skill 1n the art may construct an
alternative structure and processing methods for a silicon
substrate with a (111) orientation. The PFET area and the
NFET area are alternately exposed to anisotropic etch chem-
1stry to produce optimal crystallographic orientations for
cach type of transistors. The surface orientations of the crys-
tallographic facets are preferably {100}, {110}, {211},
{221} or {311}. Most preferably, the surface orientations are
{110} orientations for the PFET area and {100} orientations
for the NFET area.

While the mnvention has been described in terms of specific
embodiments, 1t 1s evident 1n view of the foregoing descrip-
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tion that numerous alternatives, modifications and variations
will be apparent to those skilled in the art. Accordingly, the
invention 1s mntended to encompass all such alternatives,
modifications and variations which fall within the scope and
spirit of the mvention and the following claims.

What 1s claimed 1s:

1. A semiconductor structure, comprising:

a semiconductor substrate including a single crystalline
semiconductor material, said semiconductor substrate
having a substrate orientation;

a V-shaped groove with a ridge and a first crystallographic
facet and a second crystallographic facet of said single
crystalline semiconductor material, wherein said
V-shaped groove 1s bounded by a shallow trench i1sola-
tion structure and said first crystallographic facet and
said second crystallographic facet are joined at said
ridge;

a channel located beneath said V-shaped groove, said chan-
nel located directly beneath a first portion of said ridge,
a portion of said first crystallographic facet, and a por-
tion of said second crystallographic facet;

a source located directly beneath a second portion of said
ridge, said source comprising a first portion of said
single crystalline semiconductor material;

a drain located directly beneath a third portion of said
ridge, said drain and comprising a second portion of said
single crystalline semiconductor material;

a gate dielectric located on and above said channel; and

a gate conductor located on said gate dielectric.

2. The semiconductor structure of claim 1, wherein said
substrate orientation of said single crystalline semiconductor
material 1s a (100) orientation and surface orientations of said
first crystallographic facet and said second crystallographic
facet are {110} orientations.

3. The semiconductor structure of claim 2, wherein said
semiconductor structure is a p-channel metal oxide semicon-
ductor field effect transistor (MOSFET).

4. The semiconductor structure of claim 1, wherein said
substrate orientation of said single crystalline semiconductor
material 1s a (110) orientation and surface orientations of said
first crystallographic facet and said second crystallographic
facet are {100} orientations.

5. The semiconductor structure of claim 4, wherein said
semiconductor structure 1s an n-channel metal oxide semi-
conductor field effect transistor (MOSFET).

6. The semiconductor structure of claim 1, wherein said
semiconductor substrate 1s a bulk silicon substrate.

7. The semiconductor structure of claim 1, wherein said
semiconductor substrate 1s a silicon on insulator (SOI) sub-
strate with at least one buried oxide (BOX) layer.

8. The semiconductor structure of claim 1, wherein said
semiconductor substrate contains:

an underlying single crystalline silicon substrate; and

an epitaxially disposed material on said underlying single
crystalline silicon substrate that i1s selected from the
group consisting of:

intrinsic silicon, itrinsic silicon germanium alloy, intrin-
sic s1licon carbon alloy, intrinsic silicon germanium car-
bon alloy, P-doped silicon, P-doped silicon germanium
alloy, P-doped silicon carbon alloy, P-doped silicon ger-
manium carbon alloy, N-doped silicon, N-doped silicon
germanium alloy, N-doped silicon carbon alloy, and
N-doped silicon germanium carbon alloy.

9. The semiconductor structure of claim 1, wherein surface

orientations of said first crystallographic facet and said sec-
ond crystallographic facet are selected from the group con-
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sisting of {100} orientations, {110} orientations, {111} ori-
entations, {211} orientations, {221} orientations, and {311}
orientations.

10. The semiconductor structure of claim 1, wherein said

first and second crystallographic facets contact sidewalls of 5

said shallow trench 1solation structure and are recessed below
a top surface of said shallow trench 1solation structure.

11. A semiconductor structure comprising first and second
field effect transistors located on a semiconductor substrate
that includes a single crystalline semiconductor material, said
semiconductor substrate having a substrate orientation,
wherein said first field effect transistor comprises:

a V-shaped groove with a ridge and a first crystallographic
facet and a second crystallographic facet of said single
crystalline semiconductor material, wherein said
V-shaped groove 1s bounded by a shallow trench 1sola-
tion structure, and said first crystallographic facet and
said second crystallographic facet are joined at said
ridge;

a first channel located beneath said V-shaped groove, said
first channel 1s located directly beneath a portion of said
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ridge, a portion of said first crystallographic facet, and a
portion of said second crystallographic facet;

a first source located directly beneath a second portion of
said ndge, said source comprising a first portion of said
single crystalline semiconductor material; and

a second drain located directly beneath a third portion of
said ridge, said second drain comprising a second por-
tion of said single crystalline semiconductor material,
and wherein said second field effect transistor com-
Prises:

a top surface of said singe crystalline semiconductor mate-
rial having a surface normal along said substrate orien-
tation;

a second channel located beneath a first portion of said
surface having said surface orientation;

a third source located directly beneath a second portion of
said surface having said surface orientation; and

a second drain located directly beneath a third portion of
said surface having said surface orientation.
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